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Asparagine plays an important role in nitrogen transport and storage in many 
higher plants including Arabidopsis thaliana. Three genes encoding asparagine 
synthetase were cloned previsouly using heterologous DNA hybridization {ASN1) 
and yeast functional complementation {ASN2 and ASN3) techniques. Free asparagine 
levels in the dark-adapted plants were much higher than those in the light-grown 
plants, and were parallel to the induction of ASN1 mRNA under dark treatment. To 
test the in vivo role of asparagine in nitrogen-transport and storage, transgenic 
Arabidopsis thaliana constitutively overexpressing ASN1 gene was constructed. 
Elevated level of ASN1 mRNA was observed in both light and dark conditions in the 
ASN1 transgenic lines. By contrast, in wild-type and vector-alone controls, steady 
state levels of ASN1 messages were abundant only in dark-adapted plants. 
Consistently, a corresponding increase of free asparagine was observed in leaves, 
siliques, and seeds of the ASNI transgenic lines. Leaf chlorophyll content and 
‘ seedling dry weight were also found to be higher in ASN1 overexpressing lines 
compared to controls. A significant increase (5-10%) of total nitrogen was also 
exhibited in the seeds of ASN1 transgenic lines. The elevation of nitrogen content 
in ASNI transgenic seeds seems to reflect a general increase in the amount of seed 
storage proteins, as evidenced from protein analysis. These data suggest that extra 
iii 
nitrogen resources accumulated in form of asparagine in the ASN1 transgenic lines 
leads to enhanced nitrogen status in both vegetative growth and seed development. 
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Chapter 1 : Literature Review 
1.1 Nitrogen assimilation in plants 
Assimilation of inorganic nitrogen onto carbon skeletons is of utmost 
importance to survival of plants as nitrogen is one of the rate-limiting factors 
determining plant growth. Nitrogen deficiency in plants has been shown to cause a 
decrease in the level of photosynthetic components such as chlorophyll and 
ribulose bisphosphate carboxylase (rubisco), which subsequently lead to reductions 
in plant productivity, biomass and crop yield. Plants obtain nitrogen from the 
environment primarily through nitrate and ammonium uptake from soil or nitrogen 
fixation from air. Exchanges of nitrogen between environment and organisms are 
shown in a nitrogen cycle (Figure 1). 
f 
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Figure 1. Nitrogen cycles through the atmosphere as it changes from a gaseous 




Nitrate can be transported via xylem. However, ammonium is normally 
converted into organic nitrogen prior to transportation (Lam et al., 1994; Lea & 
Miflin, 1980b; Peoples & Gifford, 1993). In legume plants, atmospheric nitrogen is 
converted to ammonia in root nodules by symbiotic Rhizobium. All inorganic 
nitrogen must first be reduced to ammonium before assimilated into amino acids. 
In non-legume plants, ammonium is formed from nitrate by the concerted actions 
of nitrate reductase and nitrite reductases (Lea & Miflin, 1980b; Lea et aL’ 1990; 
Miflin & Lea, 1980). In all higher plants, the majority of ammonium is assimilated 
into organic nitrogen via the combined actions of glutamine synthetase (GS) and 
gIutamine 2-oxoglutarate aminotransferase (GOGAT). The products of GS/GOGAT 
cycle, glutamine and glutamate, are highly reactive and are used in various 
anabolic pathways. Once nitrogen is assimilated into glutamine or glutamate, they 
may be transported and utilized as the nitrogen donor for the biosynthesis of 
essentially all amino acids, nucleic acids, and other nitrogen-containing compounds. 
f 
















































































































































































































































1.2 Importance of Asparagine in plants 
Through the action of asparagine synthetase (AS), glutamine will react with 
aspartate to form asparagine and glutamate. Since all the substrates and products 
of the AS catalyzed reaction are major nitrogen carriers in plant metabolism, this 
enzyme may play an important role in regulating the flow of nitrogen in organic 
nitrogen pool (Lam et al., 1994). Asparagine is an especially important nitrogen 
transporting amino acid as it has a relatively high nitrogen ta carbon ratio and is 
relatively stable compared to other nitrogen transporting amino acids. 
Asparagine was the first amino acid discovered and was isolated in 
asparagus 190 years ago (Vauquelin & Robiquet, 1806). In pea, phloem exduate 
studies demonstrated that asaparagine is the predominant nitrogen compound in 
dark. In certain legume species, asparagine can account for as high as 86% of the 
/ 
transporting nitrogen (Lea & Miflin, 1980b). Due to its relatively high nitrogen to 
carbon ratio and its stability, asparagine therefore is an ideal compound for 
long-range nitrogen transport and storage, especially in dark when carbon 
skeletons are limiting (Lea & Miflin, 1980b; Sieciechowicz et al., 1988; Urquhart 
& Joy, 1981). The transport and storage roles played by asparagine are vitally 
5 
importance to physiological processes such as germination and nitrogen 
assimilation (Lea & Miflin, 1980b; Lea et aL, 1990; Sieciechowicz et al., 1988), 
and is also essential for organic nitrogen translocation between host and parasitic 
plants (Delavault et aL, 1998). 
The relative importance of asparagine in plant N-assimilation and 
metabolism is reflected by the drastic changes of its level under different 
physiological and environmental conditions. First, in most higher plants 
(especially for nitrogen-fixing plants), asparagine is the major nitrogen sink and is 
used for transport. For instance, asparagine is the primary component of xylem in 
nodulated Lupinus augustiflius (Scott, 1976) and is the major product of nitrogen 
fixation in alfalfa and pea (Schubert, 1986). In soybean roots, AS activity 
increases dramatically followed by nodule formation (Streeter, 1973). In peanut, 
up to 80% of i5>l2 fed into plants is recovered in form of asparagine in sap 
t 
bleeding from detached nodules (Peoples et al., 1986). Second, high levels of 
asparagine detected in cotyledons during seed germination, particularly in 
legumes, such as lupins (Lea & Fowden, 1975; Rognes, 1975; Rognes et al., 1980) 
and mung bean (Kem & Chrispeels, 1978) suggest that asparagine is the main 
amino acid responsible for mobilizing nitrogen to areas of seedling (Capdevila & 
6 
Dure, 1977; Dilworth & Dure, 1978). Third, asparagine may also involve in the 
transport of nitrogen from sources to sinks during fruit and seed formation. In 
white lupin, asparagine accounts for 50 to 70% of the nitrogen carriers which 
mobilize nitrogen from leaves to developing seeds (Atkins et a!., 1975). Fourth, 
asparagine also accumulates under some stress conditions. This suggests that 
asparagine may be involve in the detoxification of high level of ammonia formed 
under stresses (Sieciechowicz et aL, 1988). In some tissues, such as mature 
regions of maize roots, asparagine level increases in the presence of ammonia 
under light-grown conditions. This hints that ammonia instead of glutamine may 
be used to synthesize asparagine which then play a role in stress physiology (Oaks 
and Ross, 1984; Stulen and Oaks, 1977). Finally, environment also exerts its 
effect on free asparagine levels. In leaves of pea, dark treatment increased 
asparagine levels in the phloem exudates. This increase in asparagine is partly due 
to the increase in AS activity (Joy et aL, 1983). '^N-labeling data in Lotus 
f 
Japonicus also shows accumulation of asparagine in the roots of dark-adapted 
Lotus Japonicus (Waterhouse et al., 1996). Furthermore, asparagine level is much 
higher in dark-adapted nonleguminous plants such as Arabidopsis thaliana than in 
light-grown plants (Lam et al., 1995; Schultz & Coruzzi, 1995). This supports the 
notion that asparagine is a preferred nitrogen carrier under carbon starvation. 
7 
The effects of physiological and environmental conditions on free asparagine 
levels are also observed in AS activities. Detection of AS activity in 
nitrogen-rich organs such as cotyledons of germinating seedlings (Dilworth & 
Dure, 1978; Kem & Chrispeels，1978; Lea & Fowden, 1975) and nitrogen-fixing 
root (Boland et al., 1982; Huber & Streeter, 1985; Scott, 1976) ftirther supports 
the notion that asparagine plays an important role in nitrogen transport. Light 
and/or sucrose treatment decreases the AS activities in root tips of com 
(Brouquisse et al., 1992) and sycamore cell'cultures (Genix et al.’ 1994). 
However, AS activity is undetectable in dry seeds, but appears within a few days 
after germination. This appearance of AS activity can be inhibited by 
cycloheximide (Kem & Chrispeels, 1978) and actinomycine (Dilworth & Dure, 
1978), suggesting that transcription and protein synthesis are required. There is no 
firm evidence to show the location of AS other than in the cytoplasm. 
f 
1.3 Enzymatic reaction of asparagine synthetase (AS) 
The biosynthesis of the asparagine is catalyzed by AS. It converts glutamine 
and aspartate into glutamate and asparagine in the presence of ATP and Mg�+. The 





































































































































































































































































1.4 Asparagine synthetase in non-plant organisms 
In E. coli, there are two genes encoding two AS with different evolutionary 
origin: ASNA which encodes an ammonium-dependent AS (Nakamura et al., 
1981), while ASNB encodes a glutamine-dependent AS (Scofield et al., 1990). 
The asnA and asnB genes are located on the E. coli chromosome at 84 and 16 
min., respectively (Felton et al., 1980; Humbert & Simoni, 1980). Biochemical 
studies suggest that glutamine-dependent AS in bacteria belongs to the PurF type 
amidotransferase family (Richards & Schuster, 1992) and the mechanism of 
nitrogen transfer does not involve the formation of free ammonia in the active site 
(Stoker et al., 1996). Table 1 lists the properties of various bacterial AS enzymes. 
In general, bacterial AS enzymes function well under neutral pH conditions. 






































































































































































































































































































































In mammalian cells, only a single AS gene that encodes 
glutamine-dependent AS was identified thus far. However, ammonia-dependent 
AS activities have been demonstrated in animal extracts in vitro (van Heeke & 
Schuster, 1989). It may due to that AS enzyme has distinct binding sites for both 
of ammonium and glutamine (Pfeiffer et al., 1986; Pfeiffer et aL, 1987) as when 
the glutamine-binding domain was altered, animal AS from partially purified 
proteins extracts exhibited an increase in ammonia-dependent AS activities (van 
Heeke&Schuster, 1989). ‘ 
1.5 Biochemistry background of plant asparagines synthetases 
Despite the important role played by AS in synthesizing a major nitrogen 
transport compound in plants, biochemical information regarding this enzyme is 
limited. Biochemical study of the AS enzymes has been hampered by instability 
f 
of the AS enzyme in vzYra(Sieciechowicz et al., 1988), copurification of a 
heat-stable, dialyzable inhibitor(Joy et ai., 1983; Kem & Chrispeels, 1978), and 
the presence of contaminating asparaginase activity in plant extracts (Huber & 
Streeter, 1985) as well as the existence of multiple isoenzymes (Lam et al., 1998). 
These problems in detection of AS activities restrict scientists from monitoring 
12 
the low-level AS activities or slight but important changes resulting from 
alternation of growth conditions. As a consequence, basic characteristics of the 
AS enzymes such as molecular weight, exact isozyme number, cellular 
localization, and regulation of AS biosynthesis cannot be fully elucidated by 
biochemical means alone. 
Similar to animal AS, only glutamine-dependent AS is identified in plants. 
Asparagine synthetase activities have been characterized and partially purified 
from lupin cotyledons (Lea & Fowden, 1975; Rognes, 1975), soybean root 
nodules and germinating cotyledons (Huber & Streeter, 1984; Huber & Streeter, 
1985), alfalfa (Egli et al., 1989), pea (Ta et a!., 1984a; Ta et cd., 1984b), mung 
bean (Kem & Chrispeels, 1978), germinating cotton (Dilworth & Dure, 1978)， 
com (Oaks and Ross, 1984), and wheat (Ramnefijell & Rognes, 1981). These 
partially purified AS enzymes share some common properties. They have a pH 
<f 
optimum range from pH7.5 to 8.3 and is inhibited by nonprotein amino acids 
including azaserine and albizziine which are glutamine analogues (Lea & Fowden, 
1975). The Km values of AS for aspartate range from 0.8-3.6mM; for glutamine, 
0.04-1.0mM; and for Mg-ATP, 0.08-0.15 mM. Requirement for C1" was also 
reported. In the presence of Mg2+ and ATP, the enzyme exists as a homodimer, 
13 
with subunits of approximately 160kDa (Rognes, 1975). The properties of 
partially purified plant AS enzyme were summerized in Table 2. 
Table 2. Properties of asparagine synthetase in plants 
Plant Substrate Assay Km/s(mM) Asparagine Reference 
pH inhibition 
aspartate 
ATP NHs glutamine 
Lupinus alhus Glutamine 7.9- 0.8 0.15 2.1 0.04 2 mM Lea and~~ 
cotyledon 8.3 Fowden 
.. 1975 
Lupinus luteus Glutamine 7.8 1.3 0.14 N.D. 0.16 N.D. R o g n e s ~ 
cotyledon 1975， 
1980 
Cotton GlutamineX5 0 ^ '0.33 N.D. 0.20 ^ m Dilworth 
(Gossypium and Dure 
tirsutum) 1978 
cotyledon 
Mung bean Glutamine 7.75 - 2.81 1.4 N.D. ^ 13mM Kem and 
{Vigna radiata) 8.25 Chrispeels 
cotyledon 1978 
UdizQ{Zea Mays) Glutamine ^ N.D. N.D. ^ ~ ~ ^ N.D. Oaks and 
‘ developing / Ross 1984 
embryo ammonia 
Soybean root Glutamine 8.25~~ L24 0.076 ^ ~ ^ N ^ Huber and 
nodules / Streeter 
ammonia 1984; 
1985 
N.D. : Not determined 
14 
From the protein sequence deduction based on cDNA sequence, all AS 
enzymes contain a PurF-type glutamine binding domain. This suggests that AS in 
plants is glutamine-dependent. The glutamine-dependent asparagine synthetase 
enzyme generally used glutamine as nitrogen donor. However, ammonia is also a 
possible AS substrate, particularly in the case of maize roots (Oaks & Ross, 1984) 
and in soybean root nodules (Huber & Streeter, 1984). In soybean root nodules, 
Km value of AS for ammonia is 40 higher than that for glutamine (Huber & 
Streeter, 1984). In vitro AS assays using extracts from'other plants also indicate 
that the enzyme can use ammonia as the nitrogen donor under high concentration 
of ammonia (Huber & Streeter, 1985; Sieciechowicz et al., 1988). These findings 
suggest that AS may play a role in ammonia detoxification (Givan, 1979; 
Sieciechowicz etal., 1988). 
1.6 Molecular studies of asparagines synthetase genes in plants 
f 
Although in vitro biochemical analyses have laid the groundwork for AS 
studies, there are still many unanswered questions regarding the roles of AS 
enzyme in nitrogen assimilation and metabolism in vivo. To elucidate the 
functions of AS in plants, several laboratories have used molecular approaches to 
15 
clone AS genes and examine the corresponding gene expression patterns. In 
general, AS enzymes are encoded by a small gene family. Tsai and colleagues 
cloned the first two AS cDNA clones encoding pea glutamine-dependent AS 
using a human AS cDNA clone as a heterologus probe (Tsai & Coruzzi, 1990; 
Tsai & Coruzzi，1991). Expression pattem analysis revealed that both pea AS1 and 
AS2 genes are expressed in leaves and in roots. In leaves, AS1 and AS2 are 
repressed by light. In roots, AS2 expressed constitutively whereas AS1 is 
repressed by light (Tsai & Comzzi, 1991). Subsequently, AS genes were 
identified in various species of legumes including soybean, Elaeagnus umbellate, 
broad bean, common bean, alfalfa and Lotus japonicus (Hughes et al., 1997; Kim 
et al., 1999; Kuester et aL, 1997; Osuna et al., 1999; Shi et al., 1997; Waterhouse 
et al., 1996) and non-legumes including maize, Asparagus officinalis L, 
Triphysaria versicolor, Brassica oleracea and Arabidopsis thaliana (Chevalier et 
al., 1996; Davis & BCing, 1993; Delavault et aL, 1998; Downs & Somerfield，1997; 
f 
Lam et aL, 1994; Lam et al., 1998). Nodule-specific or nodule-enhanced AS 
genes were also reported (Kim et aL, 1999; Kuester et al., 1997; Shi et al., 1997). 
Protein sequence analysis showed that protein encoded by these cDNA clones 
each contain a conserved glutamine binding domain (van Heeke & Schuster， 
1989). This result supports that these AS genes encode glutamine dependent AS 
16 
enzyme, and that glutamine is the preferred substrate of plant AS. 
Consistent with the biochemical data, AS gene expression is also regulated 
by environmental signals and the carbon/nitrogen status of a plant (Lam et cd., 
1994). Expressions of AS genes are repressed by light and sugar in several species. 
AS gene expression in pea, Arabidopsis, maize, soybean and Phaseolus vulgaris 
are negatively regulated by light, but are high in dark-adapted plants (Chevalier et 
"/., 1996; Hughes et aL, 1997; Lam et al.’ 1994; Osuna et a!., 1999; Tsai & 
Coruzzi, 1990; Tsai & Comzzi，1991). The light repression of AS1 gene 
expression in pea and ASN1 gene expression in Arabidopsis thaliana are at least 
in part mediated through the action of phytochromes (Lam et al., 1994; Tsai & 
Conizzi, 1990) that may be a calcium and cGMP dependent process fNeuhaus et 
al., 1997). De novo synthesis of AS may be a consequence of the light/dark 
regulation of AS gene expression. It is because in maize leaves, increase of AS 
f 
activity in the dark could be abolished by feeding with cycloheximide (Dembinski 
et aL, 1996b). Exposure of dark-adapted plants to a subsequent pulse of red light 
led to a fourfold decrease in AS activity, which could be increased subsequently 
by a pulse of far-red light. These results indicate the involvement of phytochrome 
in the repression of AS activity. The cytokinin, benzyladenine affected the 
17 
dark-adapted plants in a way similar to the red light treatment (Dembinski et al., 
1996b). However, there are also reports showing that in some species, specific AS 
genes are insensitive to light. For example, light has no effect on expression of the 
asparagus and Lotus japonicus AS genes (King & Davies, 1992; Waterhouse et aL, 
1996). Radioisotopic studies in Lotus japonicus further confirmed that light was 
not a regulator of AS expression in its roots (Waterhouse et al., 1996). 
In addition to the direct effects through phytochrOme, light also exert indirect 
effects on AS gene expression via associated changes in carbon metabolites. In 
some plant species, AS expression increases during post-harvesting period and 
this increase is correlated to a depletion of carbon resources (Davis et al., 1996; 
Downs & Somerfield, 1997). In asparagus spears, levels of AS mRNA increase 
two hours after harvesting. The increase in level of AS mRNA is parallel to the 
decline of cellular sugar content and independent of light (Davis & King, 1993). 
f 
A similar phenomenon was observed in senescing asparagus fems, in which a 
rapid loss in sucrose was paralleled by an increase in AS gene expression (King et 
al., 1995). Subsequently, cell culture of asparagus was used to study the 
regulation of the AS gene. The level of AS gene transcripts was low in medium 
containing sucrose, but increased within 12 hours of transferring to medium 
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lacking sucrose. When the cell cultures returned to a sucrose containing medium 
again, AS mRNA levels decreased (Davis et al, 1996). Broccoli {Brassica 
oleracea L.) florets respond to harvesting in a way similar to that in asparagus. In 
Broccoli, there is no AS mRNA at the time of harvest, but the transcripts 
increased within 2 hours, and continued to increase until 24 hours after harvest 
(Downs et al., 1995; Downs & Somerfield, 1997). Moreover, expression of AS in 
maize root tips was induced by carbohydrate starvation and repressed by sugars, 
glucose, fructose and sucrose, in a concentration-dependent manner. In maize, the 
AS gene corresponding to the cDNA clone pZSSl expressing at maximal in 
dark, especially between 18 to 24 hours. Treatment with exogenous metabolic 
sugar such as glucose, fructose and sucrose down regulated the gene expression. 
This regulation is concentration dependent. Increasing the glucose concentration 
accompanies with a decrease in AS gene expression (Chevalier et al., 1996). 
f 
Besides, environmental stresses such as salt and heavy metal induced mRNA 
levels of AS genes. Stress treatments with heavy metal (copper) and salt (sodium 
chloride) induces pZSSl expression of maize root tips in the presence of glucose, 
indicating that the gene is under metabolic control (Chevalier et al., 1996). 
19 
Lastly, asparagine metabolism was also found to be controlled by organic 
nitrogen signals. Maize root tips fed with amino acids such as asparatate, 
asparagine and glutamine showed a slightly higher AS gene expression while the 
amino acid glutamate exhibited an opposite effect. In Arabidopsis thaliana, 
supplementation of exogenous amino acids partially relieved sugar repression of 
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































1.7 Arabidopsis thaliana as a model plant 
The complexity of gene regulation further suggests the importance of AS in 
the intermediate metabolism. To elucidate the role of AS in nitrogen metabolism, 
we choose the genetic model plant Arabidopsis thaliana for a thorough study. 
Arabidopsis thaliana is an ideal system for both molecular and genetic studies 
(Meyerowitz & Pruitt, 1984). It has a small genome size (approximately 100,000kb, 
compared with l,800,000kb for soybean). The small genome size is largely due to 
the relatively low levels of repetitive DNA, which makes cloning genes based upon 
map position of a mutant phenotype a feasible option. The small physical size of 
Arabidopsis and its short generation time (4-6 weeks) allows relatively easy 
screening of mutants and transgenic plants and the capability of both self and cross 
pollination facilitates genetic analysis. In addition, mutants, gene libraries and gene 
maps are all available. More importantly, it is readily transformable. Transgenic 
plants are relatively simple to construct. 
1.8 ASN studies in Arabidopsis thaliana 
f Three AS genes from Arabidopsis thaliana {ASN1, ASN2 and ASN3) were 
cloned. The ASN 1 cDNA was cloned by heterologus hybridization to the pea AS1 
gene(Lam et aL, 1994), while ASN2 and ASN3 were cloned by functional 
complementation of an AS deficient yeast mutant (Lam et al., 1998). Protein 
sequence analysis show that the AS isoenzymes encoded by the ASN1, ASN2 and 
ASN3 all contain a PurF-type glutamine-binding triad, suggesting that, they may 
encode glutamine-dependent asparagine synthetase isoenzymes. However, the 
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ASN2 and ASN3 isoenzymes share high homology to the monocot AS which is 
distinct from all other dicot AS genes including Arabidopsis thaliana ASN1. 
In addition, the regulations of these AS genes are also different. Expression of 
ASN1 was dark enhanced but light repressed in green tissues. Supplementation of 
sucrose also repressed the ASN1 gene expression in dark-adapted plants, but 
addition of exogenous amino acids (glutamine, glutamate, asparagine) to the 
growth medium was able to partially relieve the sucrose repression of the ASN1 
gene (Lam et cd., 1994). Lam and his colleagues thus suggest a model (Figure 4.) 
that ASN1 gene is under control of organic nitrogen to carbon ratio and light (Lam 
et al., 1995). When the ratio of nitrogen to carbon is high, the gene is activated, AS 
actively increased and thus redirected nitrogen into asparagine which can then be 
stored and transported. When the ratio is low, such as when photosynthesis is active 
and more organic carbon is available, or when less nitrogen is available, AS gene is 
repressed (Lam et al., 1994，1995). 
/ 
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Figure 4. A model of the major pathways of amide acid metabolism in 




For ASN2 and ASN3 genes, their expression levels are lower than the ASN1 
counterparts. The mRNA levels of ASN2 gene are regulated in an opposite manner 
to that of the ASN1 gene by light, carbon and nitrogen metabolite. Time-course 
experiments reveal that light induces levels of ASN2 mRNA while it represses 
levels oiASNl mRNA in a kinetically reciprocal fashion. Dark repression oiASN2 
gene was partially resumed by addition of sucrose while addition of asparagine, 
glutamine or glutamate partially repressed the light and sucrose inductive effect on 
the ASN2 gene. On the other hand, expression of ASN3 gene was very low in leave 
tissue examined suggesting that the expression of ASN3 may be growth 
stage-dependent or tissue-specific (Lam et al., 1998). In addition, gene expression 
studies suggest that ASN1 is the major expressed gene controlling the levels of free 
asparagine in plants. This is evident by the fact that dark-induction ofASNI mRNA 
correlates with dark-induction of asparagine levels in plants. In contrast, ASN2 is 
expressed at low level, and its mRNA accumulates preferentially in light-treated 
plants (Lam et al., 1995; Lam et al., 1998). 
1.9 Hypothesis 
‘ The above-cited studies provide circumstantial evidence suggesting that the 
AS is important in controlling nitrogen status in higher plants. However, a direct 
test of the in vivo role of plant AS on nitrogen status is still lacking. Ectopically 
expressing pea AS gene (controlled under cauliflower mosaic vims 35S promoter) 
led to a drastic increase of free asparagine and decrease in the AS substrates 
including glutamine and asparatate in transgenic tobacco plants. However, the 
ultimate effect on growth and development were not thorough analyzed (Brears et 
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cd., 1993). 
To test the hypothesis that manipulating the regulation of asparagine synthesis 
in plants may alter its nitrogen status, we constructed and characterized transgenic 
Arabidopsis thaliana overexpressing the native ASN1 gene. In this thesis, we 
provide evidence to show that constitutive over-production of asparagine in these 
ASN1 transgenic plants leads to a significant enhancement of nitrogen status in 
both vegetative tissues and seeds of Arabidopsis thaliana. 
f 
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Chapter 2 : Materials and Methods 
2.1 Chemicals 
All chemicals used were reagent grade or molecular grade and the general 
supplier was Sigma or otherwise specify. 
2.2 Plant materials and growth conditions 
In this experiment, A. thaliana ecotype Columbia-0 (Col-O； was used as a 
model plant for study. It is a tiny mustard with.a small genome, a short generation 
time and can be grown in confined laboratory environments. During the past 
decade, it has been widely used for studies of a broad range ofbiological questions, 
such as metabolism, genetics, and environmental adaptation. Most genetic and 
molecular tools (such as mutants, gene libraries) were also available (Price et al. 
1994). 
2.2.1 Surface sterilization ofArabidopsis seeds 
f 
Seeds o f ^ . thaliana were put into microfuge tubes and were surface sterilized 
by 1 ml 100% chlorox for 3 min with shaking and vortexing. The seeds were 
centrifuged briefly before chlorox was removed and 1 ml of sterile water was 
added. After vortexing, the seeds were spun down and the washing steps were 
repeated for two more times with sterile water. A few drops of water was then 
added to the seeds, and 35-40 seeds were sown on a square petri plate containing 
Murashige & Skoog salt mixture, (Gibco-BRL) 3% sucrose and 0.9% agar (Difco) 
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(This medium formula is referred as MS hereafter), seeds were aligned in a 
horizontal line about 3 cm from the top. All procedures were performed in a 
laminar hood. 
2.2.2 Growth conditions of Arabidopsis seeds for total RNA extraction, 
enzymeassay, chlorophyll content measurement and dry weight 
measurement 
The surface sterilized seeds were sown on MS agar. The seeds were 
incubated at 4 ()C for two days and then grown at 22 °C in an environmental 
controlled growth chamber with a regular light-dark cycle (16 hr light: 8 hr dark) 
for two weeks. The seedlings were harvested by wrapping with aluminum foil 
and immediately frozen in liquid nitrogen. Plants grew in this growth condition 
were used in later experiments unless stated the otherwise. 
2.3 Agrobacterium mediated transformation via vacuum infiltration method 
2.3.1 Principles 
f 
Transformation ofArabidopsis thaliana can be achieved via 
Agrobacterium-mQ6\siXQ(\ DNA transformation. Agrobacterium-mQ^idXQ(i DNA 
transformation is the most widely used method to transform Arabidopsis thaliana. 
Arabidopsis thaliana can be transformed by cocultivation of callus tissue, leaf and 
root explants with Agrobacteria. This method is based on the integration ability of 
genetic materials of the plant pathogen, Agrobacterium tumefaciens. When a 
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susceptible plant is wound, a bacterium is capable of integrating DNA sequence 
(T-DNA) on its tumor-inducing (Ti) plasmid into the plant genome. 
The first whole plant transformation method for Arabidopsis thaliana was 
described by Feldmann and associates (Feldmann & Marks, 1987). Chang and 
associates (Chang et al., 1994) also successfully transformed the plant by cutting 
off the young inflorescences and inoculated the wound surface with Agrobacteria. 
Bechtold and associates (Bechtold & Bouchez, 1995; Bechtold et al., 1993; 
BechtoId & Pelletier，1998) reported that the percentage of successful 
transformants can be increased by adding on vacuum infiltration step during 
transformation. The frequency could reach up to 5 transformants per inoculated 
plant. However, the underlying mechanism of this method is still unknown. 
2.3.2 Plant materials and bacterial strains of Agrobacteria mediated 
transformation 
2.3.2.1 Plant materials 
‘ Seeds of Arabidopsis thaliana (ecotype Columbia-0) were germinated in soil 
(Hummert Intemaitonal, USA) and grown at 22^C with a light (daylight, 4000klux) 
and dark cycle of 16hr/light and 8hr/dark, respectively. Plants ofheight 6-10 inches 
were used for transformation. 
2.3.2.2 Gene constructs 
Gene contruct containing ASN\ cDNA fused to the CaMV 35S promoter, 
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kanamycine resistant maker and terminator was used for construction o fASNl 
overexpressing lines. ‘ 
2.3.2.3 Bacterial strains 
Plasmid DNAs were cloned and manipulated mostly in E.coli DH5 a cell. 
Agrobacterium tumefaciens GV3101/pMP90 (Koncz et al., 1986) was used for 
plant transformation. 
2.3.3 Agrobacteria mediated transformation via vacuum infliitration 
Recombinant constructs were transformed into the disarmed Agrobacterium 
strain GV3101 by electroporation and subsequently into Arabidospsis thaliana an 
Agrobactrium-mQ&idLiQdi DNA transformation protocol (Bechtold & Bouchez, 1995). 
Seeds were imbibed at 4 ®C for 2 days before sowing onto soil. The seeds were then 
allowed to germinate and grow for four to six weeks at 4000 klux (daylight) on a 
16 hours light / 8 hours dark cycle at 22°C. Plants were irrigated with fertilizer [5 
mM KNO^ 2.5 mM KPO4(pH 5.5), 2 mM MgSO4, 2 mM CaOMO3)2, 0.5 mM 
条 FeEDTA, 70 uM boric acid, 14 uM MnCb, 5 uM CuSO4, 1 uM ZnSO4, 0.2 uM 
NaMoO4, 10 uM NaCl and 0.01 uM CuCl2] once a week. When the primary 
inflorescence (flower clusters) was 5-15 cm tall and the secondary inflorescences 
appeared, the plants were ready for transformation. Any silique occurred in plants 
were cut offright before the infiltration procedure. 
A single colony of GV3101/pMP90 hosting desired vectors was cultured in 1 
ml LB (lOg/l NaCl, lOg/1 bacto-tryptone and 5g/l yeast extract) supplemented with 
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50 mg/1 of rifampicin, kanamycin and ampicillin as well as 25 mg/l gentamycin, 
respectively, at 28^C with shaking at 300 rpm for overnight. The 1 ml starter 
culture was sub-cultured into 500 ml YEP broth (lOg/l bacto-peptone, 10/1 yeast 
extract and 5g/l NaCl) supplemented with the appropriate antibiotics under the 
same conditions. When the optical density at 500nm of the cell culture was greater 
than 2.0, the culture was centrifuged at 7000rpm for 10 minutes and the pellet 
remained was resupended in 1 liter of infiltration medium (2.2g/l MS salts, lx B5 
vitamins (O.lg/l myoinositol, O.Olg/l thiamine-HCl, 0.001 g/1 nicotine acid and 
0.001 g/1 pyridoxine-HCl), 50 g/1 sucrose, 0.5 g/1 MES, 0.044 uM 
benzylaminopurine and 0.02% SilwetjM L-77, pH 5.7). 
The resuspend culture was placed in a beaker and the whole set-up was 
transferred to a vacuum desiccator. The plants in pots were inverted and immerse 
completely into the bacteria solution. A vacuum was drawn until bubbles were 
observed in the bacterial solution. The plants were kept under vacuum for 10 
minutes. After the release of vacuum, the plants were brief blotted and allowed to 
dry for several hours. Afterwards, the plants were set upright by hollow transparent 
plastic cylinders and transferred back to growth chamber. The plants were were 
f allowed to grow until brown dried seeds were shed. Seeds were harvested from 
each individual plant. This generation of the plants were regarded as To. 
2.4 Screening of transformants 
All the seeds of each individual transformant were surface sterilized by 
washing with Chlorox (hypochlorite, 5.25%) for 3 minutes, followed by three times 
washing using autoclaved distilled water in Eppendrof tubes. The sterilized seeds 
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were spread onto MS medium [4.3g/l MS salts (Gibco), 3% sucrose, 0.9% 
bacto-agar, pH5.7 ] supplemented with 50 mg/1 kanamycin. The plates were sealed 
with parafilm and kept at 4 ®C for 2 days before placing at well-controlled growth 
chamber. Green transformants were selected and transferred to 9cm x 9cm MS 
square plate containing 50 mg/1 kanamycin for further verification. After 
appearance oftrue leaves, the transformants were transferred to soil and allowed to 
grow and shed seeds separately in growth chambers. 
For each positive T1 transformants, about 70 seeds were surface sterilized and 
plated on MS/kanamycin plates for selection of single insertion transformants. 
Single insertion transformants were selected (using Chi-Square test) by scoring o f a 
3:1 ratio (kanamycin resistant: kanamycin sensitive) in T2 progenies resulted from 
self-pollination o f T l . 
Finally, seeds resulted from T2 progenies were used for selection of 
homozygous lines. Seventy seeds of T2 were surface sterilized and plated on 
MS/kanamycin plates and allowed to grow in growth chamber as mentioned before. 
Homozygous transgenic lines were obtained by observing the T3 progenies which 
‘ should all show green color in antibiotic selection plates. All the steps of seed and 
tissue culture were performed in a laminar hood (Baker SG 600E). 
2.5 DNA and RNA manipulation 
2.5.1 DNA extraction and quantitation 
Genomic DNA was isolated from whoie seedlings of Arabidopsis thaliana, 
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using a modified CTAB extraction (Bult et al., 1992; Doyle & Doyle, 1987). Fifty 
mg fresh or frozen tissue (-70^C) was ground in a micro-centrifuge tube with 0.6ml 
hot (60¾) 2XCTAB buffer and sterile sand. The grinded tissue was suspended 
evenly in buffer and placed in a 60°C water bath for 25-30 minutes with occasional 
vortexing. After incubation, the tube was removed from the water bath and allowed 
to cool down for 2 minutes before 2/3 volume (0.4 ml) phenol: chloroform: 
isoamyl alcohol (25:24:1) was added. Before spinning tube in micro-centrifuge at 
13,000 rpm for 30 min, the tube was inverted up and down for several times. 
Aqueous layer was removed with wide-bore pipet and placed in clean 1.5 ml 
micro-centrifuge tube. One volume of chloroform: isoamyl alcohol (24:1) was 
added to the tube and the tube was inverted up and down for several times before 
spinning at 13,000 rpm for 30 minutes. This step was repeated 2-3 times until no 
interface was visible. After adding 2-2.5 volume 100% ethanol, the tube was placed 
in -20^C freezer overnight to allow further precipitation of DNA. After 
precipitation, the tube was spun for 30 min at 12,000rpm. Supernatant was 
discarded and 1.5 ml washing solution [76% EtOH / 0.01 M NH4OAc (store at 
4OQ] was added. After precipitation at -20^C for 30 min or overnight, the 
micro-centrifuge tube was spun at 12,000 rpm for 15 minutes. Supernatant was 
‘ poured off and 70% ethanol was added. After removal of ethanol, the tube was 
allowed to stand for 5 minutes. The pellet remained was dried by a SpeedVac 
System (Labconco 79840-01) for 5 minutes. The dried pellet was suspend in 
100-200^d TE [10 mM Tris-HCl (pH 8.0) and 1 mM EDTA] or Mili Q water. 
Concentration of DNA was determined by measuring the optical density at 260nm 
(O.D.l=50 ^g/ml DNA) using a spectrophotometer. The quality of DNA was 
checked by gel electrophoresis in a 1% agarose/TAE (40 mM Tris-acetate and 1 
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mM EDTA) gel. 
2.5.2 PCR amplification and detection of transgenes 
PCR was performed using lOng purified genomic DNA as template in a 50^il 
reaction mixture. The chemicals and PCR programe and primer sequence used 
were listed below: 
Table 4. Chemical reagents for PCR amplification ofgenomic DNA 
Materials ‘ |Volume (^il) “ ~ 
1 Ox buffer 5 ‘ ‘ 
10 mM MgCl2 (optional) 5 3 ‘ ‘ 
lOmMdNTPs ‘ LO — 
1.5 uM oligo 1 (-lOng/ul) 3 3 “ 
1.5 uM oligo 2 (-lOng/ul) J 3 ‘ ~ 
Boehringer Mannheim Taq DNA 1 ~ “ 
polymerase (lU/ul) 
DNA template iOng “ “ 
‘ Distilled water ‘ added to 50^il “ 
2.5.2.1 Program for PCR amplification 
Program used for PCR amplification was tabulated as below: 
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Table 5. Program for PCR amplification 
Step ‘ Condition ‘~~ 
0 ~94"Cfor2minutes 
2) 30 cycles of 
i) 94¾ for 20 second 
ii) 53°C for 30 second 
iii) 7 2 ^ f o r 2 m i n u t e s 
3) 72 C for 10 minutes 
4) Hold at 15"C “ 
2.5.2.2 Primer sequence 
Three pairs ofprimers were used for ASN genes. Their primer sequences and 
their relative position respective to each ASN gene were listed as follow: 
1) ASN1, the probe encompassed 1057-1647 nt of the ASN1 cDNA 
sequence (oligonucleotide primers HM7; 
5 ’-AACTCCGATAGCGGCTC-3 ’， HM22; 
‘ 5'-CTCTATTTCCACAAGGCACC-3'). 
2) ASN2, the probe encompassed 1387-1819 nt of the ASN2 cDNA 
sequence (oligonucleotide primers HM56; 
5,-GATGGTCTGAAAGATCATGC-3,, 
HM67; 5'-GATCCCTCTAGAAGATAACG-3'). 
3) ASN3 the probe encompassed 1800-1945 nt of the ASN3 cDNA sequence 
(oligonucleotide primers HM60; 5 ‘-CTGAAGTATCAAGCTATCATGG-3 ‘, 
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HM120; 5'-GAAGCTTACTACTACAGAACC). 
2.6 RNA analysis of transformants 
2.6.1 General introduction 
RNA was isolated using a phenol extraction protocol (Jackson & Larkins， 
1976). Northern blot was performed as described previously (Sambrook et al., 
1989). For detection of mRNA, gene-specific single-stranded DIG-labeled probes 
were generated using PCR (Myerson, 1991). For ASN1, the probe encompassed 
1057-1647 nt of the ASN1 cDNA sequence (oligonucleotide primers HM7; 
5'-AACTCCGATAGCGGCTC-3‘, HM22; 5'-CTCTATTTCCACAAGGCACC-3'). 
For ASN2, the probe encompassed 1387-1819 nt of the ASN2 cDNA sequence 
(oligonucleotide primers HM56; 5'-GATGGTCTGAAAGATCATGC-3', 
HM67; 5'-GATCCCTCTAGAAGATAACG-3'). FovASN3, the probe encompassed 




Probe labeling, prehybridization, hybridization, wash conditions and detection 
were performed according to the Boehringer-Mannheim Genius System User's 
Guide. Northern blots were hybridized at 42^C in 50% formamide hybridization 
solution overnight and washed with 2X SSC, 0.2% (w/v) SDS at room temperature 
for 30 min followed by 0.5X, 0.2% (w/v) SDS at 65^C. Blots were exposed to 
X-ray film. The Northern blots presented herein were repeated at least three times 
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with similar results. 
2.6.2 RNA extraction 
The plant tissue collected was ground into fine powder in pre-chilled motors 
and pessels. During grinding, liquid nitrogen was added to maintain a freezing 
temperature. Five ml/g extraction buffer and equal volume of 
phenol/chlorofomVisoamylalcohol solution (25:24:1) was added. Each mixture was 
transferred into a 50-ml Falcon tube after returning to liquid phase. The tube was 
shaked vigrously followed by centrifugation at 5,000 rpm for 5 minutes. Aqueous 
layer was transferred to a new tube and extracted again with one portion of 
phenol/chloroform/isoamylalcohol solution (25:24:1). After 5-minute 
centrifugation at 5,000 rpm, the upper layer was transferred to 50-ml Falcon tube 
and extracted with one portion of chlorofonWisoamylalcohol (24:1) to remove 
phenol. The mixture was centrifuged at 5000rpm for 5 minutes. One-tenth volume 
of 3 M sodium acetate (pH 5.2) was added to the aqueous layer followed by 2-2.5 
volumes of absolute alcohol to the aqueous layer. After ethanol precipitation at - 2 0 
°C ovemight，the tube was subject to centrifugation at 8000rpm for 30 minutes. The 
pellet resulted from precipitation was resuspended in 1 ml 3 M sodium acetate 
f 
(pH5.6) and transferred to an eppendorf tube. The tube was centrifuged at 14000g 
for 10 minutes to separate DNA and RNA. After repeating this procedure, one 
more time. RNA pellet was resuspended in 0.4ml 0.3 M sodium acetate (pH 5.6) 
and subject to ethanol precipitation at -20 ^ ovemight addition of 1 ml absolute 
ethanol. After centrifugation at 14000g for 20 minutes, RNA sample was free from 
ethanol and air-dried or by a SpeedVac System (Labconco 79840-01). The resulting 
RNA pellet was resuspended in DEPC treated water and stored in - 70^C until use. 
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2.6.3 Making single-strand DIG PCR probes 
Gene-specific single-stranded DIG-labeled probes were generated by two 
round of PCR reactions (Myerson, 1991). In the first round of PCR reaction, the 
reaction mixtures were made according to the table listed below (Table 6.). 
Table 6. Chemicals of Round 1 PCR reaction mixture for making single-strand 
DNA probes 
Materials “ |Volume (ul) 
10x buffer 5 ~ 
(100 mM Tris-HCl, 500 mM KC1, pH 8.3) 
10 mM MgC12 (optional) ^ 
1 mMdNTPs( lx) 2^0 ‘ 
1.5 uM oligo 1 (-lOng/ul) L7 ‘ 
1.5uMoligo2(-10ng/ul) J j ' ~ ~ 
Boehringer Mannheim Taq DNA 1 ‘ ‘ 
polymerase (lU/ul) 
DNA (lpg/ul) 1 
(Pure plasmid DNA) 
Distilled water (added to 50ul) 1 5 1 ‘ 
While for the second round ofPCR, the reaction mixture was changed slightly 
(Table 7) . 
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Table 7. Round 2 PCR reaction mixture for making single-strand DNA probes 
Materials “ |Volume (ul) ‘ 
10x buffer To 
(100 mM Tris-HCl, 500 mM KC1, pH 8.3) 
10 mM MgC12 (optional) 5~~‘ 
DIGdNTPs(lmM) L 0 ~ ~ ‘ 
1.5 uM oligo 1 (-lOng/ul) for anti-sense 
probe OR 6.6 
1.5 uM oligo 2 (-lOng/ul) for sense probe 
Boehringer Mannheim Taq DNA 2 ~ 
polymerase (lU/ul) 
Round 1 DNA Approximate 3-4ul (-50ng) 一 
Distilled water added to 100 ‘~~ 
Two rounds of PCR reactions were undergone the same PCR program as 
follows: 
1) 94^C for 2 minutes 
2) 55 cycles 
'• 9 4 ^ f o r 20 second 
53®C for 30 second 
72^C for 2 minutes 
3) 72^C for 10 minutes 
4) H o l d a t l 5 ^ 
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2.6.4 Quantitation of single-strand DIG-labeled probes 
Concentration of the probes were determined by DIG spotting method using 
DIG-labeled DNA controls. Serial dilutions (1/5, 1/50 and 1/500) of probes were 
made, l^il of each dilution were pipetted on a nylon membrane (Boehringer). The 
membrane was UV crosslinked (250 mJ) and followed by a rinse in 100 mM 
maleic acid buffer, pH 7.5 in petri dish. After equilibration in 2% blocking solution 
for 5 minutes, 2% blocking solution with 1:10000 anti-body was added and the 
dish was shaked for 10 minutes. Before addition of CSPD, the membrane was wash 
twice with 100 mM maleic acid for 5 minutes and once with detection buffer (100 
mM Tris + 100 mM NaCl, pH9.5) for 1 minute. Afterwards, Kodak Biomax film 
was put on membrane sealed by wrap paper in Kodak cassette and allowed to 
expose for 15 minutes. 
2.7 Northern bIot analysis 
Fifteen i^g of total RNA denatured at 50^C for 20 min was electrophoresed 
through 1.0% agarsoe gels containing formaldehyde (Sambrook et al., 1989). One 
^g/ml ethidium bromide was added to each sample before denaturation and loading 
to allow visualization of RNA without affecting blotting the efficiency (Ogretmen 
et al., 1993). After equilibrating the gel in 10X SSC, RNA was capillarily blotted to 
Boehringer Mannheim Nylon membrane. RNA was subsequently UV crosslinked 
to the membrane. DIG-labeled gene-specific probes were made via PCR as 
described above. Hybridization was performed at 42°C (50% formamide, 7% SDS, 
50 mM sodium phosphate pH7.0, 0.1% N-laurolyl sarcosine, 2% block (Boehringer 
Mannheim), 20 mM sodium maleate pH7.5 with probe at 20ng/ml). Membrane was 
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washed twice for 15 minutes at room temperature in 2X SSC and 0.1% SDS 
followed by two 15-minute washes in 0.5X SSC, 0.1% SDS at 68¾. Detection was 
according to the Boehringer Mannheim company protocol. 
2.7.1 Detection 
The membrane was first washed with 100 mM maleci acid, pH7.5 for 2 
minutes and subsequently incubated in 2% blocking solution at room temperature 
for 2-4 hours. Afterwards, 1:10000 antibody in 2 % blocking solution was added 
and co-incubated with the nylon membrane at room temperature for 30 minutes. 
The membranes were then washed twice with 100 mM maleic acid buffer (0.1 M 
maleic acid, 0.15 M NaCl, pH 7.5) for 15 minutes and one wash with detection 
buffer (100 mM Tris. HCl +100 mM NaCl, pH 9.5) for 2 minutes. CSPD was 
added to membrane right before to X-ray films (Kodak, Biomax) exposure. 
2.7.2 Film development 
All the exposed film (Kodak Biomax) was developed in developer for 4 
minutes. After rinsed with tap water, the film was fixed in fixing solution for 4 
‘ minutes and wash with water before air dry. 
2.8 Amino acid, protein, dry weight and total nitrogen analysis 
2.8.1 Extraction of free amino acid 
Leaves (40-50 mg), green siliques (40-50 mg), and dry seeds (20-30 mg) were 
harvested and frozen immediately in liquid nitrogen. The samples were ground in 
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175ul of protein grinding buffer (0.1 M Tris-HCl, pH 8.0; 0.5% (v/v) 
2-mecaptoethanol) supplemented with a total of 100 nmoles of norleucine as the 
internal standard for amino acid analyses. Ten ul of extracts were used for protein 
assay according to Barford (Bradford, 1976) using a commercial kit (BIO-RAD). 
The remaining extracts were mixed with 510 ^1 of methanol/chloroform (6:2.5) 
followed by vortexing and incubation on ice for 30 minutes. After addition of450 
^1 ofwater and 300 ^1 of chloroform, the samples were vortexed again before spun 
for 30 seconds using a microfuge. The top layer of each sample was collected and 
dried in a speed vacuum system. The dried pellets were resuspended in 400-500 ul 
oflithium buffer (Beckman) through 0.45 jim nylon filters before analyzed (20-50p. 
aliquots were injected) with amino acid analyzers (Beckman System 6300 and 
Hitachi L8800). 
Amino acid standards : Amino acids standards were made up from individual 
amino acids purchased from Sigma. A stock of amino acids was made containing 
all amino acids as well as the internal standard and diluted to give four standard 
concentrations, including lOnmole, 5 nmole, 2.5nmole and 1 nmole. These 
standards were loaded onto the column and gave linear correlation between 
‘ concentration and area under the curve for each peak, as determined by linear 
regression. 
2.8.2 Protein assay 
Protein content of each sample was measured using BIO-RAD Protein Assay 
Kit. Six protein standards included l.Omg/ml, 0.8mg/ml, 0.6mg/ml, 0.4mg/ml, 
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0.2mg/ml and O.lmg/ml were used to prepare the standard curve. Ten i^l of sample 
taken from amino acid extraction procedure (see above) was added to 500 ^1 
diluted and filtered Bradford dye and then sit for 10 minutes at room temperature. 
Afterwards, optical densities at 595nm wavelength of were recorded for all samples. 
The protein amount was estimated from the standard curve. 
2.8.3 Determination of nitrogen and carbon content in seeds 
Seeds were collected from wild type and transgenic plants which grown first 
on MS plates and subsequently transferred to soil as described previously. The 
plants were allowed to grow until brown dry seeds were obtained. All lines were 
grown on same tray with same water and nutrients in growth chamber. One 
hundred seeds were chosen from each lines and the nitrogen and carbon content 
were determined by a CHNS/0 analyzer (Perkin Elmer 2400). 
2.8.4 Dry weight measurement 
Thirty 29-day old plants grow on MS medium in regular light/dark cycle were 
'• collected in pre-dried and weighted aluminium foils. The samples were dried in 
70^C oven for 3 days and put in desiccators prior to weighing on electronic balance. 
The dry weight of each sample was calculated from the difference between weight 
of sample plus foil and weight of foil alone. 
2.8.5 Seed storage protein analyses 
Analyses of seed storage protein profiles were performed as reported 
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previously (Sun et al, 1987). Eighty mg of dry seeds were ground in 1 ml of seed 
extraction buffer (0.25 M NaCl; 0.05 M NaPO4, pH 7.0). The homogenates were 
transferred to Eppendrof tubes and centrifuged for 4 minutes. About 0.4 ml ofeach 
supernatant was aspirated and placed in new Eppendroftube. After second round of 
centrifugation, 0.2 ml of each supernatant was recovered. Four ^1 of each samples 
were then resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SDS-PAGE (5% stacking; 15% resolving) running in glycine buffer as described in 
standard protocols (Sambrook et al., 1989). 
2.8.6 Detection of chlorophyll content 
Leaves and cotyledons were cut out from the seedlings grown on MS media 
and soaked in 0.8ml of N,N-dimethylformamide for ovemight in complete 
darkness. The supematants were collected by brief centrifugation. 200ul of samples 
loaded to a quartz microtiter plate before subject to spectrohotometric analyses 
(Spectra Max 250). Optical densities (O.D) at 664’ 647, and 603nm were measured. 
Chlorophyll a (12.91*OD664 - 2.12*OD647 — 3.85*OD603), chlorophyll b 
(-4.67*OD664 +26.09* OD647 - 12.79*OD603), and total chlorophyll 
‘ (chlorophyll a + chlorophyll b) contents were estimated using formula reported 
previously (Moran, 1982; Moran & Porath, 1980). 
2.9 Asparagine synthetase activity analysis 
2.9.1 Crude extracts preparation 
Crude leaf protein extracts were prepared by grinding with 2.5 volumes 
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extraction buffer (50mM Tris, 0.1 mM EDTA, 2mM MgC12, 20 mM KC1, 
20%glycerol, pH7.8; 0.5 mM DTT and 4 ml/1 2-mercaptoethanol were added 
immediately before use), centrifugation for 5 minutes at 5000g and followed by 
another centrifugation for 10 minutes at 14000 g. The fraction for enzyme assay 
was precipitated at 60% saturation of ammonium sulfate (Mallinck) at 0 ^C, and 
redissolved in a small volume of extraction buffer (one-halfto one-third that of the 
original fresh weight) and desalted by filtration using the Centricon System (MW 
cut ofif= 10,000 kPa). 
2.9.2 AS enzyme assay . 
Aliquots (150^1) of enzyme preparations were added to 200 |^ 1 assay mix 
(pH8.0) plus 150^1 extraction buffer to give the following final concentrations: 10 
mM aspartate; lOmM ATP; lOmM MgC12; lor 2 mM gultamine. Assays were 
performed in 1.5-ml plastic centrifuge tubes, and were incubated for up to 1 hour at 
37 ^C. Reactions were terminated by boiling in water for 5 minutes and followed 
by centrifugation. Aliquots of supernatant were analyzed for asparagine content. 
,• 
2.9.3 Asparagine content measurement 
Aliquots (100^1) of enzymatic reactions were added to 900^1 0.05% ethanolic 
ninhydrin (Merck) and incubated for 3 hours at 3 7 ¾ . After centrifugation, 200^il 
of supematants were used in measurement of absorbance at UV 340nm. 
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2.10 In situ hybridization 
2.10.1 Making cRNA probe 
cRNA probe was synthesized by in vitro transcription. Plasmid subcloned 
with transgene was cut once by appropriate restriction enzyme (Promega) prior to 
/« vitro transcription. The content of reaction mixture oftranscription was tabulated 
as follow: 
Table 8. Reaction mixture for making cRNA probe 
Materials |Volume (ul) 一 ‘ 
Linearized plasmid (lug/ul) 1 ~ ‘ 
10X DIG RNA labeling mix 4 
lQX Transcription buffer 4 ‘ ‘ 
Rnase Inhibitor 2 ‘ 
DEPC-treated water 20.7 ‘ 
T3/T7 RNA polymerases 4 ‘ ‘ 
The reaction mixture was incubated at 37�C for 2 hours. Four i^l Dnase I was 
added and the reaction mixture was incubated at 37°C for 15 minutes. After 156.5 
^1 DEPC-treated water was added, the cRNA probes with approximately lOOngAil 
f was stored at - 8 0 ¾ refrigerator. 
2.10.2 In situ hybridization 
In a vacuum chamber, leaf samples were fixed in FAA (3.7% formaldehyde, 
50% ethanol and 5% acetic acid) at room temperature for 3 hours and incubated in 
70� /�ethanol f r 1 hour, followed by a graded alcohol series of TBA (tert-butyl 
alcohol) in ethanol. Samples were incubated without vacuum ovemight in 100% 
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TBA. Subsequently, samples were incubated in a 1:1 solution of TBA:molten 
Paraplast Plus (Oxford) for 1 hour followed by infiltration with three changes of 
molten Paraplast Plus for 15 minutes each (all performed within a 60®C vacuum 
oven). After infiltration, samples were embedded in Paraplast Plus using 
HistoCenter (Thermolyne). Sections of 12 fim were cut with a rotary microtome 
(Jung Biocut 2035 from Leica) and affixed on Superfrost Plus microscope slides 
(Fisher Scientific). Sections pretreatment and hybridization were performed 
according to Braissant and Wahli (Braissant & Wahli, 1998) except that sections 
were incubated with 1 ^g/ml proteinase K (Boehringer Mannheim) at room 
temperature for 15 minutes. Sense and antisense DIG-labeled cRNA probes for 
ASN1 was synthesized by transcription according to manufacturer's protocol 
(Boehringer Mannheim). The probes were denatured at 80^C for 5 minutes and 
added to the hybridization mix (400 ng/ml). 
Hybridization was carried out at 58¾ for 40 hours in a humid chamber. 
Post-hybridization washes and detection were carried out according to 
manufacturer's protocol (Boehringer Mannheim). Slides were mounted with 
glycerol-gelatin and then observed and photographed using MicroPhot-FX QSfikon) 
‘ and Pixera Visual communication System v 2.0 (Pixera). 
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Chapter 3 : Results 
3.1 Construction of ASN1 overexpressing lines 
Agrobacteria tumefaciens GV3101/pMP90 (Koncz & Schell, 1986) containing 
the pTEV vector only (HM359) or the ASN1 gene cloned into pTEV (HM362) and 
expressing under the control of the Cauliflower Mosaic Vims 35S promoter were 
used to transformed the wild type Arabidopsis thaliana ecotype Col-0. Vacuum 
infiltration techniques were employed as described in the Materials and Methods 
Section. Transgenic lines containing a single insertion or two or more closely 
linked insertions of the ASN1 transgene were identified by scoring the phenotypic 
ratio of kanamycin resistant versus kanamycin sensitive seedlings at the T2 
generation resulting from self-pollination o f T l plants. A 3:1 ratio (verified by 
Chi-Square test) was used to indicate a single insertion or closely linked insertions. 
Two independent transgenic lines (362-D2-d6 and 362-4E-21) each shown to carry 
a single insertion locus was further propagated to obtain homozygous lines (see 
Figure. 5). As a control, a homozygous line (359-2C-8) containing a single locus 
of the vector T-DNA (i.e. without ASN1 gene) was employed. 
t 
To determine the relative levels of the ASN1 mRNA in these transgenic lines 
as compared to the parent Col-0, total RNA from leaves was extracted and 
Northern blot analyses were performed (Figure 6). In these studies, levels of 
ASN1 mRNA in the wild type parent Col-0 and the vector-alone control 359-2C-8 
were induced by dark treatment and were repressed under continuous light 
treatment (Figure 6, lanes 1-4), consistent with previous findings on regulation of 
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the native ASN1 gene (Lam et al., 1994). Notably, the levels of ASN1 mRNA 
were barely detectable in both controls grown under light conditions (Figure 6， 
lanes 1 and 3). By contrast, ASN1 mRNA was constitutively overexpressed in 
ASN1 transgenic lines (362-D2-d6 and 362-4E-21) in both light-grown and 
dark-adapted plants (Figure 6，lanes 5-8). The ASN1 mRNA in light-grown ASN1 
transgenic lines (Figure 6，lanes 5 and 7) was found to be as abundant as level 
detected in dark-adapted control plants (Figure 6, lanes 2 and 4). Under dark 
condition, where the ASN1 mRNA level was generally high in wild-type controls, 
the ASN1 transgenic lines (Figure 6, lanes 6 and 8) still showed a higher expression 
than that of the controls (Figure 6, lanes 2 and 4). A similar elevation of ASN1 
mRNA was also observed in heterozygous lines of these transgenic lines (Figure 
7). 
Constitutive expression of ASN1 mRNA in light-grown transgenic lines was 
further confirmed by in situ hybridization experiments using DIG-labeled antisense 
cRNA probes. While there was nearly no ASNl signal detectable in any leaf cells 
of light-grown Col-0 control (Figure 8, Panel A), constitutive signals for ASNl 
mRNA were observed in most cell types in the leaves of the light-grown ASNl 
t transgenic line 362-D2-d6 (Figure 8, Panel B). Hybridization using sense probes 
gave no signals in both Col-0 and 362-D2-d6. 
In order to examine the effects of over-expression of ASNl gene on regulation 
of other ASN genes (ASN2 and ASN3), northern blot analyses using DIG-labeled 
anti-sense ASN2 and ASN3 probes were also performed. ASN2 expression was 
expressed in light condition and undetected in dark in wild type and control plants 
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which are consistent to previous observations (Figure 9, lane 1, 2, 3 and 4). Similar 
ASN2 expression patterns were also observed in both of the two ASN1 
over-expression transgenic lines. Light induced ASN2 gene expression while dark 
condition repressed its expression (Figure 9, lane 5, 6，7and 8). Over-expression of 
ASN1 did not significantly affect the light/dark regulation oiASN2 gene expression 
in these transgenic plants. Similaryly, over-expression ofASNl gene also did not 
change the expression of ASN3 gene. In wild type and control plant, expression 
levels ofASN3 gene were very low and nearly undetectable in both light and dark 
conditions (Figure 10, lane 1，2, 3 and 4). In the two ASN1 over-expressing 
transgenic lines, ASN3 expression were similar to that of the controls. Expression 
levels of ASN3 were very low and nearly undetectable in both light and dark 
conditions in these two transgenic plants (Figure 10, lane 5, 6, 7 and 8). Therefore, 
over-expression of ASN1 in two independent transgenic plants did not seem to 
affect expression of other native ASN genes. 
To test whether the elevation of ASN1 mRNA in the ASN1 transgenic lines 
leads to an increase in the corresponding ASN1 gene product, AS enzymatic 
activities were measured using crude extracts prepared from leaves of wild-type 
f and ASN1 transgenic lines. While quantitation of AS activities using leaf crude 
extracts may be complicated by various factors (listed in the Literature Review 
Section), a qualitative comparison is still informative. In light-grown conditions, 
the AS activities of both ASN1 transgenic lines were significantly higher than that 
of the controls (Table 9). All these results confirm that two independent 
transgenic lines that consititutively overexpressing the ASN1 gene were 
successfully constructed. 
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3.2 Changes in nitrogen status during vegetative growth ofASNl 
overexpressing Mnes 
To study the effects of overexpressing ASNl gene on the cellular amino acid 
pools, levels of free amino acid were measured in leaf extracts. The plant 
materials were prepared using growth conditions identical to the Northern blot 
experiments described above. Plants were grown for 9 days in a normal day-night 
cycle, and were then light- or dark- adapted for 48 hrs. Although the light versus 
dark treatments resulted in minor variations in levels of several amino acids, 
changes in the level of asparagine were most prominent. The profiles of the four 
major phloem transporting amino acids, asparagine, aspartate, glutamate, and 
glutamine which are also substrates and products of AS, are shown in Figure l lA. 
As anticipated, changes in the level of free asparagine in leaves of ASNl transgenic 
and wild-type plants (Figure 1 lA) were found to be parallel to the changes in ASNl 
mRNA level (Figure 6). The levels of free asparagine in leaves of Col-0 and 
vector-alone control were high in dark-adapted plants (Figure l lA, lanes 17 and 18) 
and nearly undetectable in light-grown plants (Figure l lA, lanes 1 and 2). By 
contrast, level of free asparagine were elevated compared to controls in ASNl 
'• overexpressing lines treated under light- or dark- growth conditions. The level of 
free asparagine in the leaves of both ASNl overexpressing lines grown in the light 
(Figure l lA, lanes 3 and 4) were as high as (or higher than) that found in 
dark-adapted control plants (Figure 11 A, lanes 17 and 18). In dark-adapted plants, 
the free asparagine levels in both ASNl overexpressing lines (Figure l lA, lanes 19 
and 20) nearly doubled that of the control plants (Figure l lA, lanes 17 and 18). 
These observations in the changes of free asparagine pools in transgenic and 
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wild-type lines (Figure 11) match perfectly with the changes found in ASNl mRNA 
levels (Figure 6) in response to light treatments. 
The data for relative contribution of asparagine in the total free amino acid 
pool (Table 10) were also consistent with the above observation. When control 
plants were grown in continuous light, asparagine only contributed a minute 
portion of the total free amino acid pool (1-2% of total) in leaves. In leaves of 
dark-adapted control plants, asparagine level increased dramatically and accounted 
for more than 30% of the total free amino acid while glutamine levels diminished. 
On the other hand, the relative level of glutamate under both light and dark 
conditions were consistently high. These results were similar to that reported 
previously (Lam et al, 1995). In ASNl overexpressing lines, asparagine became 
the single predominant amino acid. For both light-grown and dark-adapted leaves, 
asparagine accounted for about 50% of the total free amino acid pools in these 
ASNl transgenic lines. 
To determine whether the increases in free asparagine in ASNl overexpressing 
lines represent an acquisition of additional nitrogen resources, the total chlorophyll 
‘ content of seedling was measured as an indicator of the in vivo nitrogen status. 
Chlorophyll measurements were performed at two different developmental stages. 
In 10-day-old seedlings (with only cotyledons), total chlorophyll contents per 
seedling were found to be significantly higher in overexpressing lines (Figure 12A, 
lanes 7 and 10) than that in control plants (Figure 12A, lanes 1 and 4). Changes in 
chlorophyll a (Figure 12A, lanes 2, 5, 8 and 11) and chlorophyll b (Figure 12A, 
lanes 3, 6, 9 and 12) content basically followed the same trend. The same 
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chlorophyll determination experiment was also done on 20-day-old plants (with 
cotyledons and true leaves). The results (Figure 12B) were nearly the same as 
that of the 10-day-old seedlings except that overall chlorophyll contents per 
seedling were much higher in 3-week-old plants. 
Elevated level in chlorophyll content implied the increase in photosynthetic 
capacity and biomass. To test the effect of increased chlorophyll content on growth, 
dry weight of two ASN1 over-expressing lines were measured using 29-day old 
plants and were found to be significantly higher than that of the vector-alone 
control and wild type plants (Figure 13). 
3.3 Changes in nitrogen Status during seed development of ASN1 
overexpressing lines 
Since free asparagine can be used for long-range nitrogen transport and 
storage, we investigated whether ASNI overexpression and the dramatic increases 
in asparagine pools affected the nitrogen status of the plants during seed 
development. Mature plants with developing green siliques were grown in 
‘ continuous light or continuous dark for 48 hours before harvesting. Free amino 
acid levels in siliques were measured. In general, the concentration of amino 
acids in siliques was found to be higher than that in leaves on a per protein basis in 
both controls and transgenic lines (compare Figure 11B versus l lA). Similar to 
the results observed in leaves, levels of free asparagine were only detectable in 
dark-adapted siliques of the control plants (Figure l lB, lanes 17 and 18). By 
contrast, in ASN1 overexpressing lines, the level of free asparagine in siliques was 
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significantly higher than that of the controls under both light- and dark- grown 
conditions (Figure l lB, lartes 3，4, 19 and 20). 
Similar to that in leaves, the relative contribution of asparagine in the total 
free amino acid pools of siliques (Table 10) were low (below 1%) in light-grown 
and high (20-30%) in dark-adapted wild-type control plants. In overexpressing 
lines, asparagine again became the single dominant amino acid in siliques (higher 
than 50% ofthe total free amino acid pool) independent of the light-dark treatment. 
The ultimate storage organ in Arabidopsis thaliana is the seed. To test if the 
increase in levels of free asparagine in green siliques of ASN1 overexpressing lines 
will lead to a change of nitrogen content in seeds, total percentage of nitrogen was 
measured in ASN1 overexpressing lines and the controls (Figure 14). The ASN1 
overexpressing lines (Figure 14, lanes 3 and 4) showed a significant (5-10%) 
increase in the total percentage of nitrogen as compared to the controls (Figure 14, 
lanes 1 and 2). This increase of total percentage of nitrogen in seeds cannot be 
completely accounted for by the increase in levels of free asparagine accumulated 
in the seeds of ASN1 overexpressing lines (Figure l lC , lanes 3 and 4; Table 10), 
'• since the absolute level of most transporting amino acids (including asparagine) 
were much lower in seeds, compared to leaves and siliques. The higher free 
amino acid content of siliques, compared to the lower free amino acid content of 
seeds, suggests that the bulk of free amino acids delivered to the siliques were 
incorporated into storage proteins in seeds. In addition, a 5-10 fold increase of 
arginine was also observed in seeds of the overexpressing lines which suggests that 
some N resources from asparagine were used to produce arginine (Appendix I). 
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Arginine was reported to contribute up to 40% of the nitrogen in seed protein of 
some plants (Lea, 1999). However, the absolute levels of arginine in ASN1 
transgenic seeds were much lower than asparagine (Appendix I). 
To test if the increase of N resources (mainly in the form of asparagine) in the 
ASN1 transgenic lines also leads to an increase in seed storage proteins, total 
proteins from seeds were measured. The protein content of the wild type parent 
Col-0, vector-alone control 359-2C-8, and the ASNl transgenic lines 362-D2-d6 
and 362-4E-21 were found to be 9.6% (S.D. = 0.7) (w/w), 9.9% (S.D. = 0.2), 
14.1% (S.D. = 1.3)，and 11.1% (S.D. =1.8), respectively. The profiles of these 
seed storage proteins were analyzed on a SDS-PAGE gel (Figure 15). The 
majority of seed storage proteins in A. thaliana have a molecular weight of less 
than 50 kDa. When same quantity (by weight) of seeds was used, the amount of 
seed protein from ASNl overexpressing lines (Figure 15, lanes 4 and 5) showed a 
general elevation, as compared to the control plants (Figure 15, lanes 2 and 3). 
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Figure 5. Screening for ASN1 homozygous transgenic plants. Surface-sterilized 
seeds were plated on kanamycin (50 figAnl) containing MS plates and allowed to 
germinate and grow for 2 weeks under a regular day-light cycle (16hr/light; 
8hr/dark). Transformed plants were able to grow and appeared green while 
untransformed plants appeared yellow and stop growing. Offsprings of the 
homozygous transgenic lines were identified by all green offsprings and a 3:1 
(green to yellow) ratio indicated a single locus in the hemizygous construct. 
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Figure 6. Elevation of the ASN1 mRNA levels in ASN1 overexpressing lines. 
Nine-day-old seedlings grown on MS agar plates under a regular day-night cycle 
(16 hr light: 8 hr dark) were transferred to soil for a further growth of 14 days. 
Plants were subsequently treated under continuous light (lanes 1, 3，5 and 7) or 
continuous dark (lanes 2, 4，6 and 8) conditions for 48 hr. Total leaf RNA was 
extracted and an aliquot of twenty i^g from each of the wild type parent Col-0 
(lanes 1 and 2), vector-alone control 359-2C-8 (lanes 3 and 4), and overexpressing 
lines 362-D2-d6 (lanes 5 and 6) and 362-4E-21 (lanes 7 and 8) was loaded onto 
each lane. DIG-labeled probes were used to detect the levels ofASNl mRNA. L: 
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Figure 7. Elevation of ASNl mRNA levels in hemizygous ASNl overexpressing 
lines. Nine-day-old seedlings grown on MS agar plates under a regular day-night 
cycle (16 hr light: 8 hr dark) were transferred to soil for a further growth of 14 days. 
Plants were subsequently treated under continuous light (lanes 1 and 3) or 
continuous dark (lanes 2 and 4) conditions for 48 hr. Total leaf RNA was 
extracted and an aliquot of twenty i^g from each of the vector-alone control 359-2C 
(lanes 1 and 2) and a hemizygous ASNl overexpressing lines 362-4E (lanes 3 and 4) 
was loaded onto each lane. DIG-labeled probes were used to detect the levels of 
A S m mRNA. L: light-grown plants; D: dark-adapted plants. 
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Figure 8. Constitutive expression of the ASNl gene in ASNl overexpressing line. 
Four-week-old seedlings were sown and grown on MS agar plates under a regular 
light-dark cycle (as described in Figure 1). The plants were then grown under 
continuous light for 48 hr. Transverse sections of leaves from the wild type parent 
Col-0 (Panel A) and the ASNl overexpressing line 362-D2-d6 (Panel B) were 
subject to in situ hybridization using DIG-labeled cRNA probes as described in 
Materials and Methods. 
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Figure 9. No significant change of ASN2 mRNA level in ASNl overexpressing 
lines. Nine-day-old seedlings grown on MS agar plates under a regular day-night 
cycle (16 hr light: 8 hr dark) were transferred to soil for a further growth of 14 days. 
Plants were subsequently treated under continuous light (lanes 1，3，5 and 7) or 
continuous dark (lanes 2，4，6 and 8) conditions for 48 hr. Total leaf RNA was 
extracted and an aliquot of twenty ^g from each of the wild type parent Col-0 
(lanes 1 and 2), vector-alone control 359-2C-8 (lanes 3 and 4)，and overexpressing 
lines 362-D2-d6 (lanes 5 and 6) and 362-4E-21 (lanes 7 and 8) was loaded onto 
each lane. DIG-labeled probes were used to detect the levels ofASN2 mRNA. L: 
light-grown plants; D: dark-adapted plants. 
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Figure 10. No significant change ofASN3 mRNA levels in ASNl overexpressing 
lines. Nine-day-old seedlings grown on MS agar plates under a regular day-night 
cycle (16 hr light: 8 hr dark) were transferred to soil for a further growth of 14 days. 
Plants were subsequently treated under continuous light (lanes 1，3，5 and 7) or 
continuous dark (lanes 2, 4, 6 and 8) conditions for 48 hr. Total leaf RNA was 
extracted and an aliquot of twenty ^g from each of the wild type parent Col-0 
(lanes 1 and 2), vector-alone control 359-2C-8 (lanes 3 and 4), and overexpressing 
lines 362-D2-d6 (lanes 5 and 6) and 362-4E-21 (lanes 7 and 8) was loaded onto 
each lane. DIG-labeled probes were used to detect the ASN3 mRNA. L: 
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Figure 11. Changes of amino acid levels in ASN1 overexpressing lines. For Panel A 
(leaves), plants were grown under the same treatment as in Figure 1. For Panel B 
(siliques), nine-day-old seedlings were transferred to soil and grown under a regular 
day-night cycle (as described in Figure 1) until most of the flower buds had tumed into 
green siliques. Half of the plants were subject to continuous light (Panel A and B, 
lanes 1 to 16) and the remaining half was subject to continuous dark treatment (Panel A 
f 
and B, lanes 17 to 32), respectively for 48 hr. For Panel C (seeds), plants grown on 
soil similar to that in Panel B were allowed to shed seeds under a regular day-night 
cycle (as described in Figure 1). Mature leaves, green siliques, and mature dry seeds 
were harvested and their amino acid levels were measured using an amino acid analyzer 
(see Materials and Methods). Only the results for asparagine (Asn; Panel A and B, 
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lanes 1 to 4 and 17-20; Panel C lanes 1-4), aspartate (Asp; Panel A and B, lanes 5 to 8 
and 21-24; Panel C lanes 5-8), glutamate (Glu; Panel A and B, lanes 9 to 12 and 25-28; 
Panel C lanes 9-12), and glutamine (Gln; Panel A and B, lanes 13 to 16 and 29-32; 
Panel C lanes 13-16) are presented. Each bar represents an average of two samples. 
f 
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Figure 12. Elevation of chlorophyll content in ASN1 overexpressing lines. 
Ten-day-old (Panel A) and twenty-day-old seedlings (Panel B) were sown and grown on 
MS agar plantes under a regular day-night cycle (as described in Figure 1). 
Chlorophyll was extracted with N,N-dimethylformamide as described in Materials and 
, M e t h o d s . Chlorophyll a (lanes 2, 5, 8 and 11) and chlorophyll b (lanes 3, 6, 9 and 12) 
were estimated using formula (chlorophyll a: 12.91*OD664 — 2.12*OD64? — 3.85*OD603; 
chlorophyll b: -4.67*OD664 + 26.09*OD64?- 12.79*OD603) reported previously (Moran, 
1982; Moran & Porath，1980). Total chlorophyll content (lanes 1, 4，7 and 10) 
represents a summation of chlorophyll a and chlorophyll b. Each bar represents an 
average of 6 groups (Panel A) or 2 groups (Panel B) of 5 seedlings each. 
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Figure 13. Dry weight increase in ASNl overexpressing lines. Aerial portions of 
29-day-old plants grown on MS plate under a regular light/dark cycle were harvested 
and dried in 70 °C incubator for 3 days. The dry weight of plants were recorded. Dry 
weight per plant was calculated from the total dry weight of the plants divided the 
number of plants used in the experiment. About 30 plants were measured for wild type 
^ Col-0 (lane 1), vector-alone control 359-2C-8 (lane 2), and the ASNl overexpressing 
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Figure 14. Increase of percentage of nitrogen in seeds of ASNl overexpressing lines. 
Seedlings were grown first on MS agar plates and subsequently transferred to soil as 
described in Figure 1. The plants were allowed to grow until brown dry seeds were 
obtained. All lines were grown on the same tray and water and nutrients were added to 
, t h e tray (not to individual plots) to ensure similar supply of inorganic nitrogen resources. 
One hundred seeds of each of the wild-type parent Col-0 (lane 1), vector-alone control 
(lane 2), and the overexpression lines 362-D2-d6 (lane 3) and 362-4E-21 (lane 4) were 
used to measure the percentage of nitrogen using a CHN/S analyzer. Each bar 
represents a result of triplicated samples. 
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Figure 15. Protein profiles of seeds in ASNl overexpressing lines. Eighty 
milligrams of dry seeds obtained as in Figure 5 were extracted for total proteins 
(see Materials and Methods). Four ^1 aliquots of the 200 fil resulting protein 
extracts from the wild type parent Col-0 (lane 2)，vector-alone control (lane 3)，and 
the overexpression lines 362-D2-d6 (lane 4) and 362-4E-21 (lane 5) were analyzed 
by SDS-PAGE. Molecular weight markers were included for reference (lane 1). 
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Table 9. Elevation of AS activity in ASNl transgenic plants 
Sample AS activity Standard deviation 
Col-0 0.06038 0.02062 
359-2C-8 0.043643 0.004625 
362-D2-d6 0.096615 0.004734 
362-4E-21 0.082 0.009263 
Key : AS activity = n mole of asparagine formed per mg of protein per hour. 
Table 9. Elevation of AS activity in ASNl overexpressing lines. Nine-day-old seedlings 
grown on MS agar plates under a regular day-night cycle (16 hr light: 8 hr dark) were 
transferred to soil for a further grwoth of 14 days. Plants were subsequently treated 
under continous light for 48 hr. Crude leaf protein extracts were prepared and aliquot of 
150 \x\ of enzyme preparation was used for AS enzyme assay. 
f 
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Table 10. Relative % of Asparagine, Aspartate, Glutamate, and Glutamine in Different Tissues^ 
Plants Amino Acid % Free Amino Acids 
Leaves Siliques Seeds 
L D L D R 
Col-0 Asn 2.2 (0.1) 33.1 (6.0) 0.0 (0.0) 33.9 (0.1) 13.7(0.8) 
Asp 14.7(0.4) 4.5(1.2) 9.2 (0.8) 7.4(0.2) 6.5 (0.1) 
Glu 24.8 (1.8) 20.1 (0.5) 24.4(0.2) 9.9 (0.2) 20.2(1.0) 
Gln 18.4(1.2) 5.1 (3.3) 15.6(0.8) 14.1(0.0) 11.7(0.7) 
359-2C-8 Asn 1.4(0.1) 31.4(0.2) 0.9(l'.3) 24.4(0.4) 31.5(1.4) 
Asp 14.4(0.9) 3.3(0.1) 9.5(0.4) 8.5(1.3) 11.1 (0.2) 
Glu 25.4 (0.6) 29.2 (0.3) 17.6(2.7) 11.4(0.8) 20.6(1.3) 
Gln 14.5(0.4) 0.7 (0.2) 19.7(2.0) 23.5 (3.5) 0.6 (0.2) 
362-D2-d6 Asn 55.9 (2.5) 52.9 (3.7) 62.7 (16.9) 71.8 (1.2) 64.7 (0.5) 
Asp 3.7(0.0) 4.8(1.0) 2.6 (0.4) 2.2(0.1) 2.0 (0.0) 
Glu 11.7(0.5) 14.7(0.4) 3.2 (4.5) ND^ 6.3(0.0) 
Gln 5.1 (0.9) 0.7(0.8) 11.7(3.8) 9.7(1.1) 12.0 (0.1) 
362-4E-21 Asn 46.6(0.7) 56.3 (4.4) 56.2 (0.1) 55.9 (7.5) 72.2 (0.7) 
Asp 5.6(1.0) 4.4(0.7) 2.7 (0.3) 4.2(0.4) 2.1(0.0) 
‘ Glu 13.7(0.7) 13.1 (2.1) 2.2(0.3) 6.2(4.1) 8.0(0.2) 
Gln 7.4(0.6) 0.3 (0.2) 13.3 (2.7) 11.7(0.6) 3.4(0.0) 
74 
Table 10. ^ The relative contribution of asparagine (Asn), aspartate (Asp), glutamate 
(Glu), and glutamine (Gln) in total free amino acid pools of various plant tissues (see 
Figure 1) is shown. The contribution of tyrosine was not included in the calculation 
since the relative position of its peak recorded in the amino acid analyzer was very close 
to the internal standard norleucine. The absolute levels of tyrosine in all experiments 
were found to be very low. An average of two independent experiments are reported 
and the standard derivation is shown in parentheses. L: light-grown; D: dark-adapted; 
R: regular day-night cycle; ND: not determined. 
b The asparagine level of this transgenic line when grown in the dark was so high that 
the peak of glutamate was masked. 
f 
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Chapter 4 : Discussion 
Nitrogen plays a critical role in controlling plant growth, since it is required 
for the synthesis of essential biomolecules such as amino acids, proteins and DNA. 
Nitrogen deficiency in plants has been shown to decrease the amount of 
photosynthetic structural components such as chlorophyll and ribulose 
bisphosphate carboxylase (rubisco), resulting in reduction of the photosynthetic 
capacity and carboxylation efficiency of plants. Ultimately, the plants have marked 
decrease in productivity, biomass and crop yield. It was reported that light reaction 
of photosynthesis is tightly coupled with nitrogen content of leaves (Evans, 1989). 
In general, higher rates of photosynthesis per unit of organic leaf nitrogen will 
imply faster pace of growth under high nitrogen supply (Pons et al., 1994). Thus, 
the efficiency of nitrogen utilization also plays an important role in growth. 
f 
While some plant species (mainly leguminous plants) can obtain their 
nitrogen from the atmosphere via symbiotic nitrogen fixation (Burris & Roberts, 
1993), other plants (including most crops) depend on the availability of nitrogen 
resources in the soil (Crawford & Arst，1993). In regular agricultural practices, 
industrially-fixed nitrogen fertilizers are applied to soil in order to increase crop 
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yield. Not only that the fertilizers themselves could be costly, the environment 
also has to pay a high price due to contamination of these chemicals. Ground water 
becomes enriched with nitrate (Addiscott et aL, 1991) and eutrophication in closed 
bodies of water is a serious problem in many regions. Excessive application of 
nitrogen-containing fertilizer to the land also disturbs the natural nitrogen cycle. 
The amount of nitrogen nitrified and denitrified in the globe is increasing. This has 
led to the world-wide increase in nitrous oxide generation (Kawashima et al., 1996). 
Nitrous oxide which is implicated in destruction of the ozone layer in the 
atmosphere has been increasing (Houghton et aL, 1990). Therefore, there is an 
urgent need to increase the efficiency of nitrogen assimilationArtilization in higher 
plants. 
The GS/GOGAT cycle is the major entry point of inorganic nitrogen (in 
form of ammonia) to become organic nitrogen (in form of amino acids). Ammonia 
f 
reduced from nitrate by the concerted reactions of nitrate reductase and nitrite 
reductase will be assimilated into glutamate and glutamine via the GS/GOGAT 
cycle. The products of this cycle (glutamine and glutamate) are major nitrogen 
donors and thus are highly reactive molecules involving in anabolic metabolism 
(Lam et aL, 1996; Lea & Miflin，1980a; Lea et al., 1990; Miflin & Lea, 1980). 
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Once nitrogen is assimilated into glutamine and glutamate, they may be transported 
and utilized as the nitrogen donor in the biosynthesis of essentially all amino acids, 
nuclei acids, and other nitrogen-containing compounds. Alternatively, glutamine 
may be converted into a relatively inert amide asparagine which can be used for 
nitrogen storage or nitrogen transport from sources to sinks when cellular 
metabolism is not at its optimal stage. When carbon skeleton supply is limited, or 
when the plant is under stress, anabolism will be slowed down and excessive 
nitrogen sources will be stored in a relatively stable form such as asparagine. The 
physiological roles of AS in storage and transport are growth stage dependent. In 
radish, asparagine seems to be involved in the transient storage of nitrogen in 
young leaves. While increase of AS transcripts has led to a parallel increase in the 
levels of asparagine in the young cotyledons in the dark, there is a drastic increase 
in the ratio of asparagine in cotyledon to that in phloem during a dark treatment for 
3 days. This indicates that asparagine serves as nitrogen storage compound rather 
f 
than being translocated Q^ozawa et al., 1999). Higher amount of asparagine are 
also found in nutrients limited or stressed plants tissues. Barly roots have increased 
free asparagine by 8-fold when cultured in a sulphate-deprived medium (Karmoker 
et al., 1991). Similarly, deletion of phosphate from the culture medium led to an 
increase in the content of asparagine in the stems and roots of soybean (Rufty et al., 
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1986). Moreover, long period of sucrose starvation in sycamore cell cultures caused 
transient accumulation of asparagine. These observations suggest that asparagine 
play a role in short term storage of nitrogen resources when protein synthesis is 
limited by stress or nutrients availability. 
Another critical stage for re-allocation of nitrogen resources is the period 
during seeds formation. It was reported previously that there is a drastic change 
of asparagine content during the tobacco seed development process. In tobacco, 
free asparagine level decreased by 3 folds after 20 days of anthesis (Karchi et al., 
1994). In addition, in lupin, 70% of the nitrogen transported into the developing 
pod is in the form of asparagine, but this is quickly metabolized into other forms. It 
is because less than 10% of the mature seed nitrogen is asparagine (Vincze et al., 
1994). 
Previous studies of AS in transgenic plants involved the overexpression of a 
f 
pea ASl cDNA in transgenic tobacco. A hybrid gene constructed of califlower 
mosaic vims 35S promoter and the pea ASl cDNA was transferred into 
Agrobacterium _efaciens, which was then used to transform tobacco. The 
transgenic tobacco has high level of ASl mRNA accumulation and 10-100 folds 
increase in free asparagine content. However, the large increase in free asparagine 
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level in the transgenic lines did not display significant difference in the overall 
growth from that of the wild-type parent. A second construct was produced in the 
same way with of the glutamine-binding domain deleted from AS1 gene. Again, 
this modified AS hybrid gene is constitutively expressed in all tissues of transgenic 
tobacco and resulted in an increase of free asparagine but to less extent than the 
regular constructs. Transgenic plants with this modified AS1 construct showed a 
retarded growth as compared to untransformed controls or transgenic plants with 
the intact AS1 construct (Brears et al., 1993). Ectopically expressing the E. coli 
AsnA gene (encoding an ammonium dependent AS), on the other hand, seems to 
enhance plant growth primarily under treatment ofherbicides that inhibit glutamine 
synthetase activities. Glutamine synthetase-inhibitor herbicide such as 
phosphinothricin blocked the main path of nitrogen assimilation and caused the 
death of the plant due to accumulation of ammonia. Expression o f the E.coli asn-A 
gene not only allowed transgenic plants to survive in the presence of this herbicide, 
1^  
but may also allow ammonium assimilation that resulted in growth stimulation. 
For instance, the transgenic tobacco showed a tolerance up to lkg/hectare, whereas 
control plants were killed by the same dosage (enes Dudits et al., 1997). 
Nevertheless, none of these reports address the nitrogen status of the ultimate 
storage organ 一 seeds. In this report, we overexpressed a native asparagine 
80 
synthetase cDNA ASNl in Arabidopsis thaliana. Nitrogen status at both vegetative 
and various stages of seed development were measured and shown to increase in 
the ASNl transgenic lines. 
Under the control of the 35S promoter, the ASNl cDNA is constitutive 
expressed in overexpressing lines regardless the light-dark regulations in all cell 
types. The mRNA expression of ASNl cDNA is maintained at high levels in both 
light and dark conditions in ASNl overexpressing lines. By contrast, the ASNl 
gene in both vector-alone control and wild type plants expressed strongly only in 
the dark, as demonstrated by Northern blot analysis (Figure 6). This is consistent 
with the previous reports on the light/dark regulation of ASNl gene in Arabidopsis 
thaliana (Lam et al., 1994). Constitutive expression of the ASNl gene was shown 
by in situ localization of mRNA in the ASNl overexpressing lines (Figure 8). 
Overexpression of ASNl mRNA were reflected in the changes of AS enzyme 
f 
activities and level of free asparagine in the overexpressing lines. Overexpression 
of ASNl mRNA has led to a corresponding increase in the AS enzymatic activities 
in crude extract of leaves (Table 9). Although we cannot determine the precise 
value for the AS enzymatic activities using crude extracts due to the presence of 
naturally occurring AS inhibitors and the instability of AS in vitro (Sieciechowicz 
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et al., 1988), the relative difference between the ASN1 overexpressing lines and the 
controls were found to be significant. The increase in AS enzymatic activities was 
confirmed by the dramatic increase of free asparagine in leaves of the ASN1 
transgenic plants. The level of free asparagine in overexpressing ASN1 lines treated 
in light was as high as that found in dark-adapted vector-alone control and wild 
type plants. While for dark-adapted ASN1 overexpressing lines, the level of free 
asparagine were nearly double that of the dark-grown wild type and control plants 
(Figure l lA; Table 10). The enhancement of cellular nitrogen status due to the 
elevation of free asparagine in vegetative tissues was also illustrated by the 
increase of chlorophyll content in the ASN1 transgenic plants at two different 
growing stages of the seedlings (Figure 12). In both 10-day-old and 20-day-old 
seedlings, total chlorophyll contents per seedling were found to be significantly 
increase in overexpressing lines. Changes in chlorophyll a and chlorophyll b 
contents generally followed the same trend. Chlorophyll content is a good indicator 
f 
of nitrogen status in photosynthetic tissues, since a supply of nitrogen is needed for 
the synthesis of key components of the photosynthetic apparatus. For example, 
ribulose bisphosphate carboxylase in the chloroplast can account for up to 62% of 
soluble protein and 14% of total nitrogen (see reviews in (Lawlor, 1994; Rooney, 
1994)). An increase in chlorophyll content will imply an enhancement of 
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photosynthetic capacity (Lawlor, 1994) 
Since the efficiency of protein synthesis depends on the light/dark 
regulation of asparagine synthetase activities (Dembinski et al., 1996a), elevations 
of leaf AS activities and asparagine level have been used as parameters to screen 
for high grain protein maize (Dembinski et aL, 1995) and rye (Dembinski & Bany, 
1991). Dembinski and co-workers (Dembinski et al, 1996a) found that when 
maize leaves of a low grain protein genotype was treated under dark for 48 hours, 
there was a 40% increase in AS activity. However, leaves of a high grain protein 
genotype exhibited a 170% increase in AS activity over the same period. Elevated 
levels of asparagine in the high protein lines of maize and rye leads to higher 
transporting nitrogen contents than the low protein lines. This increase in nitrogen 
may be required for a high protein content phenotype (Dembinski & Bany, 1991). 
Moreover, previous biochemical studies also hinted that asparagine may play a role 
( 
in the formation of seed reserves (Dilworth & Dure, 1978; Sieciechowicz et al., 
1988). A detailed analysis of nitrogen source-sink relations in white lupin by Pate 
show that during the legume fruit development, 90% of nitrogen enters through the 
phloem, which has a 10-20 times higher concentration of nitrogen than xylem (Pate, 
1989). This dependence on phloem supply of nitrogen is essential because fruit has 
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a low transpiration rate and it needs a lot of nitrogen to nourish the seeds. In ASN1 
overexpressing lines, a significant increase in level of free asparagine was observed 
not only in leaves, but also in green siliques under both light and dark conditions 
(Figure l lB; Table 10). In general, the levels of most transporting amino acids 
are 2-3 times higher in siliques than that in the leaves for both the ASN1 
overexpressing lines and in the controls (Figure l lB). This result suggests that 
nutrients from siliques may be eventually used for nourishing the seeds. The free 
asparagine levels in seeds also increase significantly.in ASN1 overexpressing lines 
as compared to the controls (Figure l lC ; Table 10). However, the free amino acid 
content is much lower in the seeds than that in leaves or siliques. This result 
suggests that during seed development, the nitrogen resources in the form of free 
asparagine in siliques and seeds are incorporated into seed storage proteins. In 
ASN1 overexpressing lines, the percentage of total nitrogen in seeds showed a 
5-10% increase as compared to the control lines (Figure 14). Results from further 
f. 
experiments support the notion that this increase in nitrogen resulted in an overall 
enhancement of levels of seed proteins (Figure 15). This result is consistent with 
our hypothesis stated above and also explains the dramatic changes in asparagine 
level during seed development in plants (Karchi et aL, 1994). 
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Chapter 5 : Conclusion 
In conclusion, overexpressing ASNl transgenic lines were successfully 
constructed. Quantitative measurements including determinations of chlorophyll 
content in leaves, dry weight measurements of aerial part, determinations of total 
seed storage protein and total percentage nitrogen in seeds in ASNl overexpressing 
lines showed that overexpressed ASNl gene may enhance nitrogen status in 
vegetative growth and seed development in Arabidopsis thaliana. 
f 
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Chapter 6 : Perspective 
This report is one of the very few reports demonstrating that manipulation of a 
single gene in the nitrogen assimilation pathway can alter the nitrogen status of a 
plant. In particular, we show that the ASNl overexpressing lines have additional 
nitrogen resources allocated to seeds. In cereal crops, seeds represent the major 
edible portion. Previous physiological studies showed that nitrogen re-allocation 
(especially during leaf senescence) is very important for the efficiency of 
grain-filling of cereals (Mae & Ohira, 1981). In fliture experiments, it would be 
important to test if overproduction of asparagine in ASNl transgenic cereals will 
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